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The aim of this paper was the synthesis of amphiphilic copolymers by employing an atom transfer radical
polymerization (ATRP), control polymerization “grafting from” method, initiated both on the surface of an
iodinated polyvinyl chloride (PVC-I) membrane and in solution. The iodination of PVC was performed
through a Conant-Finkelstein reaction that afforded a 30% molar transformation. Using the contact
angle measurements, we highlighted the higher degree of grafting polyacrylic acid (PAA) in the case of
solution polymerization, the polar fraction increasing significantly. The micromembrane obtained by
surface grafting has pores with a homogenous distribution, which contain —COOH functional groups
and with a pore size that decreased about 10 times compared to the initial membrane. The TGA analysis
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1. Introduction

Polyvinyl chloride (PVC) is the third most commonly produced
plastic in the world, exceeded only by polyethylene and poly-
propylene.*? It is supplied commercially in a variety of formu-
lations, usually as a white powder or colorless granules. The
polymer is resistant to moisture, weathering, most acids, fats
and oils, many organic solvents, and attack by fungi. It is easily
colored and manufactured in a variety of forms, including
sheets, films, fibers, and foam. A wide range of applications
including building materials, electrical wire and cable, leather
seats, industrial components, and packaging products involve
the use of PVC based materials.” The chemical modification of
polymers opens a myriad of applications for the functionalized
polymers that acquire the reactivity and some of the charac-
teristics of the introduced functionality while keeping the main
features of the base polymeric matrix.*” Therefore, many
functional polymers have been prepared through the reaction of
different chemically reactive species with a base polymer.

A substantial improvement of interfacial compatibility
between PVC and liquid media (hydrophilic or hydrophobic)
can be achieved by different surface treatments.*** Surface
modified PVC has been used especially in the biomedical field,"
where one key parameter is the interface interaction between
the polymer and the biological liquids is critical for a successful
application. Another important field of application for PVC is
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highlighted the thermal resistance changes that the polymers registered.

the fabrication of membranes® for different types of applica-
tions, where surface treatment of the polymer can extend the
lifetime of the product and alter significantly its characteris-
tics.** PVC with different surface treatments or modifications
has found significant application also in electronics.’**” These
numerous applications highlight the implication of polymer
surface functionality characteristics and the practical impor-
tance of amphiphilic copolymers.**>°

The grafting process approach represents an efficient
method for polymer properties modification.”*”* Thus far, the
grafting process has been achieved mainly by three processes:**
“grafting onto”, “grafting from” and “grafting through” afford-
ing different polymer architectures such as comb- or brush-type
graft copolymers. One of the more intense used methods
allowing the use of controlled polymerization techniques is the
“grafting from” method.”® This method can be employed
usually in two types of processes: surface grafting and graft
copolymerization. The surface grafting approach implies that
only the surface is modified, without changing the properties of
the bulk. Surface graft polymerization has been used to modify
membrane surfaces, using various surface activation methods
such as photo-activation,”® plasma treatment,”” ozone treat-
ment,”® and chemical initiator,* which can proceed via either
free radical graft polymerization or living graft polymerization.
Graft copolymerization®”**>? involves the reaction of preformed
homopolymer or copolymer with fresh monomers that are then
covalently bonded onto the polymer chains, therefore conven-
tional polymerization methods can be applied.

PVC modification through the grafting of acrylic acid
represents an efficient route for materials properties enhance-
ment, especially when considering membrane technologies or
biomedical applications.***” PVC - acrylic acid grafting can be
achieved by different routes such as plasma or electron beam

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Mechanism of classical ATRP.

facilitated grafting of poly(acrylic acid),'**”***>* photoinduced
radical polymerization,®® use of chemically induced physisorbed
radical species,*** in situ chlorinating graft copolymerization**
and controlled polymerization reactions. However, in the case
of controlled polymerization techniques for the fabrication of
polyacrylic acid grafts, the carboxyl functionality is usually ob-
tained using a post-polymerization hydrolysis stage.*>**

Atom Transfer Radical Polymerization (ATRP) is a versatile
technique that allows achieving a controlled radical polymeri-
zation involving a solubilized initiator, as well as a surface-
initiated polymerization process.** This advantage justifies the
wide use of the technique that involves a fast-dynamic equi-
librium between dormant species and active radical species to
provide control of the polymerization (Scheme 1). The synthesis
of amphiphilic block-copolymers has attracted a lot of interest
due to the multitude of possible applications**** given by the
tailorable hydrophilic/hydrophobic and their self-assembly
properties.*®

This study deals with the synthesis of amphiphilic copoly-
mers presenting as the main chain PVC and polyacrylic acid
grafts (PAA). The synthesis strategy pursued involved the ATRP
grafting technique of acrylic acid (AA) monomer from the PVC
backbone previously modified by iodination (PVC-I). The PVC
iodination was performed, due to the greater lability of the C-I
bond, compared to the C-Cl bond, thus assuring an efficient
initiation process. The novelty of this study resides in the
employing of the ATRP “grafting from” technique in the solu-
tion for the generation of amphiphilic copolymers and the
surface modification of a PVC-I membrane (Scheme 2) using
directly the acrylic acid as a monomer and in the characteriza-
tion of the materials properties obtained through this route.
The obtained materials were assessed in terms of contact angle
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and surface tension properties, self-assembly properties,
morphology and thermal resistance modification.

2. Materials and methods

2.1. Materials

Poly(vinyl chloride) (PVC) (OLTCHIM), obtained by suspension
polymerization, elemental analysis (0% N, 39.36% C, 4.83% H,
55.81% Cl), (grains); d = 0.063-0.09 mm, sodium iodide (Nal)
(Aldrich), acetone, (A) (Chimopar), tetrahydrofuran (THF)
(Aldrich), methanol (M) (Aldrich), cyclohexanone (Aldrich),
hexane (Aldrich), bipyridyl (BiPy) (Merck), N,N,N',N',N"-penta-
methyldiethylenetriamine (PMDTA), CuBr (Aldrich), ethylene
glycol (Chimopar) (EG), CH,l, (Aldrich) (DIM) were used
without any prior purification. Acrylic acid (AA) (Merck) was
purified by vacuum distillation.

2.2. Methods

(a) PVC iodination. Conant-Finkelstein reaction:” - 10 g
PVC were dissolved in 120 mL THF : acetone mixture (1 :2
(vol : vol)) and 24 g of Nal were added to this solution. Then, the
reaction was stirred under nitrogen at 40 °C for 24 h. After
completing the reaction time, the modified polymer, PVC-1, was
precipitated in a mixture of methanol : distilled water=(2: 1
(vol : vol)), (light-yellow powder) separated and dried under
vacuum until a constant mass was attained.

(b) PVC-I membrane fabrication (phase inversion
method). 0.1 g PVC-I were dissolved in 0.9 mL THF. The ob-
tained solution was deposited on a glass microscope lamella
and then immersed in bidistilled water. After detachment from
the glass surface, the obtained membrane was dried at 70 °C for
12 h.

(c) PAA grafting from PCV-I in solution. The PAA grafting
was performed by employing an ATRP procedure. Thus, 0.1 g of
PVC-Iwas dissolved in cyclohexanone together with 2 mL of AA.
Oxygen was purged from the solution by bubbling nitrogen for
20 minutes before the addition of 20 mg BiPy and 25 mg of
CuBr. The reaction mixture was stirred under nitrogen at 90 °C
for 3 h. After the reaction time elapsed, the reaction mixture was
passed through an alumina column for the removal of the
catalyst/ligand system and then precipitated in hexane. After

PVC-g-PAA
AA
\O® | - Method A
s°\°‘
Nal @)
o® ™ o
® o
AA
PVC PVC-I %"’bfa,, R R
" Method B

PVC-g-PAA

Scheme 2 The two ways to obtain PVC—I-g-PAA (A) in solution; (B) surface-initiated polymerization.
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filtration, the obtained polymer was dried in an oven at 70 °C for
24 h.

(d) PAA grafting from the surface of PVC-1 membrane. A
PVC-I membrane (0.05 g) was immersed in 5 mL of bidistilled
water together with 2 mL of AA and nitrogen was bubbled in the
mixture for 20 minutes, after which 0.05 mL of PMDTA and
25 mg CuBr were added. Then, the reaction mixture was stirred
under nitrogen at 90 °C for 3 h. After the reaction time elapsed,
the membrane was recovered, washed thoroughly with bidis-
tilled water, and dried in an oven at 70 °C for 24 h.

(e) Fabrication of films for contact angle analysis. The
films were prepared by drop-casting, using solutions (10%
weight) in THF of each polymer sample deposited on glass
plates and dried prior to contact angle measurement.

2.3. Characterization

The molecular weights of the obtained polymers were analyzed
using PL-GPC 50 Integrated GPC/SEC System (Agilent Tech-
nologies) using a 1 mL min~ " THF flow rate and a column oven
temperature of 30 °C using polystyrene as a standard. The GPC
traces were treated according to Gavrilov et al.*®

A KSV CAM 200 apparatus was used for static contact angle
measurements performed on dried films. Different liquids
droplets were used with a drop volume of 20 pL. The
measurement of each contact angle was made within 10 s after
each drop to ensure that the droplet did not soak into the film.
The contact angles reported were the mean of 10
determinations.

The morphology of polymer films was investigated by optical
microscopy using an Olympus BX41 light microscope (Japan)
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equipped with live view E330 7.5MP Digital SLR Camera and
QuickPhoto Micro 2.3 software. The images were collected in
transmission mode.

The chemical bonds and groups were studied by Fourier
transform infrared (FTIR) spectroscopy, with a Thermo Scien-
tific Nicolet 6700 spectrophotometer, the wavenumber ranging
between 400 and 4000 cm ™.

The morphology was also examined by scanning electron
microscopy (SEM), employing a Quanta Inspect F50 microscope
equipped with an energy-dispersive X-ray spectroscopy (EDX)
probe; the accelerating voltage was set at 30 kV.

The morphology of the polymer films was evaluated using
transmission electron microscopy (TEM) (Tecnai G2 F20 TWIN
Cryo-TEM, FEI Company), at 300 kV acceleration voltage, at a 1
A resolution. A small drop polymer solution (in THF), was put
on a carbon film copper grid, dried at ambient temperature and
then, visualized on TEM.

The thermogravimetric analysis (TGA) was performed using
a Netzsch TG 209 F3 Tarsus equipment considering the next
parameters: nitrogen atmosphere flow rate 20 mL min '
samples mass: ~2 mg; temperature range: room temperature
—900 °C; heating rate: 10°C min~" in a platinum crucible.

3. Results and discussion

The first stage of the study consisted in the determination of the
degree of modification/iodation of the PVC polymer as result of
the Finkelstein reaction.>®” The large difference between the
atomic mass of the halides (Cl and I) makes this determination
facile. Thus, according to the GPC data (Fig. 1) the molecular

—PVC
— PVC-I

—— PVC-I-g-AA method B membrane grafted
—— PVC-I-g-AA method A grafted in solution

1.5+

0.5+

0.0 1

L S B S B B
1 12 13 14 15 16
\'

10 1

Fig.1 GPC traces for PVC, PVC-I, PVC-1-g-PAA method A and PVC-1-g-PAA.
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weight increased from 52 000 g mol ' (Mn -PVC) to 77 400 g
mol~" (Mn-PVC-I), the polydispersity index remained almost
unchanged (2.25 to 2.07) and the degree of iodination can be
estimated to be about 30% molar.

The two synthesis strategies that have been employed con-
sisted in: (A) AA grafting from PVC-I using an ATRP process in
solution, in a homogenous media and (B) grafting of AA from
the surface of a preformed PVC-I membrane using ATRP
(Scheme 2). For both methods the same PVC-I starting material
was used. Also, both methods take advantage on the iodine
capacity to efficiently initiate an ATRP process.

Method (A) - in solution represents the straightforward and
easier approach, but due to hydrophilic characteristics of the
PAA grafts is difficult to find a common solvent-nonsolvent
system, in the event of the formation of a subsequent
membrane by the inverse-phase method. It is this behavior that
first of all supports the (B) strategy — the surface-initiated
polymerization using the preformed membrane resulting in
a grafting-from technique for generation of PAA grafts.

In order to confirm the PAA grafting on the PVC-I chain, we
performed FT-IR analysis. Thus, a carboxylic acid shows an
absorption pattern in the region 3125 cm ™!, with the broad O-H
band superimposed on the sharp C-H stretching bands. The
specific signal for carbonyl C=0 stretching corresponding to
the carboxylic acid appears as an intense band from 1730 cm ™.
The FTIR spectrum of the PVC includes C-Cl stretching at
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700 cm ™, C-C stretching at 1100 cm ™', C-H stretching of CH-
Cl (2968, 2917, and 2845 cm™ '), CH, wagging (1425, 1330 and
1250 cm™ '), CH, rocking at 960 cm™". In the case of PVC-I, the
C-1I stretching appears at 635 cm ™.

Optical microscopy was employed as a preliminary charac-
terization of the grafted copolymers since it can give information
about the morphology of the copolymers and their amphiphilic
characteristics.>* Both synthesized materials, the polymer ob-
tained by ATRP polymerization in solution and the modified
membrane by surface-initiated grafting were solubilized in THF
(20% by mass), deposited glass plates and allowed to slowly dry.
The obtained images are presented in Fig. 2(A and B).

From Fig. 2, it is easy to notice that nearly monodisperse
spherical micelles are formed with dimensions between 10-20
pum. The micelles are regarded as colloidal particles with nearly
pure PAA core and THF-swollen PVC corona domains. Thus, the
grafted copolymers can be envisaged for possible practical
applications, such as: emulsifiers, surface-modifying agents,
coating materials and compatibilizers in polymer blends.****

The spherulite structuring of the PVC-I-g-PAA grafts was
also confirmed by TEM analysis (Fig. 3) with a larger size in the
case of PVC-I1-g-PAA (A).

Being an amphiphilic copolymer, the next step consisted in
determining the surface energy, the polar components,
respectively dispersive components.

Fig. 2 Optical microscopy images of the copolymers obtained by methods (A) and (B).

This journal is © The Royal Society of Chemistry 2020
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A)

Fig. 3 TEM images of the copolymers obtained by methods (A) and (B).

Table 1 Contact angle of the samples

Sample WA (°) EG (°) DIM (°)

PVC 89 £+ 0.58 60 £ 0.55 39.62 £+ 0.21
PVC-1 76 £ 0.66 55 £+ 0.60 67.33 £ 0.46
PVC-I-g-PAA (A) 10 + 0.23 56 + 0.30 49 4 0.70
PVC-I-g-PAA (B) 45 £+ 0.44 82 £ 0.70 69 + 0.30

Surface energy with its dispersive and polar components for
the solid surfaces was estimated using the Owens-Wendt
model.**** With the known surface energy components of
liquids and by measuring the contact angle on a flat surface, the
surface energy components of solid substrates can be calcu-
lated, as shown in eqn (1)-(4).°*** For the calculation, contact
angles of water (WA), ethylene glycol (EG) and diiodomethane
(DIM) were measured on flat film surfaces (Table 1).

The dispersive and polar constants for the three liquids are:
(Table 2)

The equations used are:

Yso = s + 7L — 24/787E — 24/78vD 6]
¥s = vsL + L cos § (2)
(1 4cos 0) = 24 /ydyd — 24 /vEy} (3)

Table 2 Test-liquids for contact angle measurements

&)
v

Liquid ymm?2 APmim2) 4y (mjm?)

Water 21.0 51.0 72.8 1.53
Ethylene glycol 29.0 19.0 48.0 0.65
Di-iodomethane  48.5 2.3 50.8 0
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s = v§+18 ()

¢ #: contact angle of liquid on solid surface

e vg;: interfacial energy between solid and liquid

e vg: surface energy of solid

o v3: dispersive component surface energy of solid

e vB: polar component surface energy of solid

e vp: surface energy of liquid

o v{: dispersive component surface energy of liquid

e vP: polar component surface energy of liquid

Owens-Wendt theory (extended Fowkes) extends on the
Fowkes model by incorporating Good's equation:

=

(5)

where vg;, is the surface energy at the solid-liquid interface.
Combining Young's equation with (5) yields:

1
Yo =7s +vL — 2(v8rE)E — 2(vEv})

/2

’YL(COS 6+ 1) _ ( ];)1/2 (’YE)I + ( gl)l/2 (6)

2y (vi)'"?

The polar and dispersive components of the liquid surface
energy are known and plotting the left side of eqn (6) against
(YD)*/(yH** will produce a linear line of data points. Linear
regression of data will allow for determination of y§ as the
square of the slope and v¢ as the square of the y-intercept
(Fig. 4).

Following the graphical approximation in Fig. 4, the next
values were obtained.

e PVC: v§711.35 mJ m 2, y§ = 10.21 mJ m~2, polar fraction
xB = 0.52.

e PVC-I: y§ = 9.24 mJ m 2, y& = 23.52 mJ m 2, polar fraction
X8 = 0.28.

e PVC-1-g-PAA (A): v§ = 55.80 mJ m 2, v§ = 10.24 mJ m 2,
polar fraction x8 = 0.85.

e PVC-1-g-PAA (B): vE = 44.08 mJ m 2, v§ = 48.87 mJ m 2,
polar fraction x§ = 0.90.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The polar and dispersive components of samples using graphical approximation.

The grafting of PAA leads to an increase of the polar fraction,
nevertheless, the copolymers obtained by method (A) have
a polar fraction 1.3 times higher compared to the polymer ob-
tained by method (B). This result can be explained by the higher
degree of grafting in solution compared to the degree of grafting
from the surface-initiated polymerization. Considering the
molecular weight of the backbone and of the grafts, a grafting
degree was calculated for each method (see ESIt). As expected,
the grafting degree in solution (method A 33%) was higher than
the grafting from the membrane surface (27%) which can be
explained by the high.

Fig. 5 SEM images of PVC-I membrane.

This journal is © The Royal Society of Chemistry 2020

The prospect to obtain a micromembrane by synthesis is very
attractive but also necessary since it is difficult to select
a common solvent-nonsolvent system for both polymers that
are present in the main chain and the grafts.

To ascertain the morphological changes for the membrane
as a result of the PAA grafting reaction, we have characterized by
SEM the initial PVC-I membrane (Fig. 5).

The analysis of the images in Fig. 5 confirms a good
dimensional homogeneity and uniform distribution of the
pores, which have a diameter of around 15 pm.

The next step was the investigation by SEM of the membrane
after the PAA “grafting from” its surface. As it can be observed

RSC Adv, 2020, 10, 35692-35700 | 35697
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Fig. 6 SEM images of PVC-I-g-PAA (B) membrane.
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Fig. 7 TGA and DTG curves of PVC, PVC-I, PVC-I-g-PAA(A) and PVC-I-g-PAA(B).

in Fig. 6, the pore homogeneity was preserved, but there is
a clear reduction of the pore diameter due to the PAA grafts to
avalue of around 1.5 pm. On one side of the membrane surface,
the pores seem connected by PAA grafts, resulting in the
formation of an increased number of smaller pores, a result
similar to other literature examples.**** However, the initial
porous and canal structure it is clearly visible. On average, the
pore size decrease by a factor of 10.

The thermogravimetric analysis (TGA) gives important
information about the thermal stability of the synthesized
materials and that can be correlated with their composition.
Thus, in Fig. 7 are presented the thermal degradation profiles
and derivative thermogravimetric analyses (DTG) of the
samples.

The TGA and DTG analysis presented in Fig. 7 reveals a two-
stage degradation process with the first (about 220-370 °C)
corresponding to the dechlorination of PVC, with formation
and stoichiometric elimination of hydrochloric acid and chlo-
rinated hydrocarbon.*® The formation of aromatic compounds
by the cyclization of conjugated polyene®” mainly occurred in
the second stage (about 350-450 °C). In the last stage (>450 °C),
the second degradation was shown, which is mainly contrib-
uted to the degradation of the complex structures resulting
from aromatization.”®

35698 | RSC Adv, 2020, 10, 35692-35700

In the case of PVC-I the thermal degradation curve has
a similar aspect to PVC but it starts at a lower temperature since
the C-I bond is more labile compared to C-Cl. In the case of
PVC-I-g-PAA (A) and PVC-I-g-PAA (B) the first stage of decom-
position is up to 150 °C and represents the loss of water mole-
cules, with the formation of cyclic structures,* followed by the
decarboxylation stage 150-270 °C and then the third stage is the
decomposition of the polymer chain. Comparing the grafting
methods (A) and (B) TGA results, it is clearly visible a lower
weight loss in the case of (B) that is determined by a lower
degree of PAA grafting.

4. Conclusions

The present paper presents the synthesis of an amphiphilic
grafted copolymer containing PVC (main chain) and PAA grafts
using and iodinated PVC as starting material. The two methods
of synthesis were: (A) grafting from PVC-I in solution and (B)
surface-initiated polymerization using a PVC-I membrane. Both
methods allow access to amphiphilic copolymers, characterized
by optical microscopy, contact angle measurements-surface
energy calculation, SEM and TGA analyses. From the calcula-
tion results for PVC-I and PVC, it can be noticed, that the polar
component increased 5 times, due to higher hydrophilicity and
wettability with polar liquids. Comparing the two specimens (A)

This journal is © The Royal Society of Chemistry 2020
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solution and (B) membrane, the polarity in case (A) is clearly
superior, due to the higher degree of grafting. Using the ATRP
“grafting from” technique, a micromembrane was obtained
with homogeneous distributed pores, which contain ~-COOH
functional groups. The morphology changes in the membrane
structure were evaluated by SEM and TGA analysis confirmed
the changes in the polymer structures.
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